Background: Neuromuscular junctions (NMJs) consist of the presynaptic cholinergic motoneuron terminals and the corresponding postsynaptic motor endplates on skeletal muscle fibers. At the NMJ the action potential of the neuron leads, via release of acetylcholine, to muscle membrane depolarization that in turn is translated into muscle contraction and physical movement. Despite the fact that substantial NMJ research has been performed, the potential of in vivo NMJ investigations is inadequate and difficult to employ. A simple and reproducible in vitro NMJ model may provide a robust means to study the impact of neurotrophic factors, growth factors, and hormones on NMJ formation, structure, and function. Methods: This report characterizes a novel in vitro NMJ model utilizing immortalized human skeletal muscle stem cells seeded on 35 mm glass-bottom dishes, cocultured and innervated with spinal cord explants from rat embryos at ED 13.5. The cocultures were fixed and stained on day 14 for analysis and assessment of NMJ formation and development. Results: This unique serum-and trophic factor-free system permits the growth of cholinergic motoneurons, the formation of mature NMJs, and the development of highly differentiated contractile myotubes, which exhibit appropriate configuration of transversal triads, representative of in vivo conditions. Conclusion: This coculture system provides a tool to study vital features of NMJ formation, regulation, maintenance, and repair, as well as a model platform to explore neuromuscular diseases and disorders affecting NMJs.
Introduction
Although the neuromuscular junction (NMJ) plays a central role in the pathology of neuromuscular (NM) disorders, current methods to study its role in NM pathology have severe limitations. For instance, most studies on NM diseases rely on in vivo animal models that do not entirely reflect disease in humans. 1 Shortcomings of in vitro models of NM disorders are that they are largely based on cells derived from animals, 2, 3 or skeletal muscle cell (SkMC) culture systems that fail to mimic in vivo conditions, particularly due to the lack of functional innervation. 4 Thus, the development of new models to study and manipulate NMJs has the potential to provide significant insight into NM disease pathogenesis and detection, and to test the efficacy of innovative therapies.
To fill this gap, a small number of promising nerve-muscle coculture models have been developed using mouse, rat, primary human myoblasts, human embryonic submit your manuscript | www.dovepress.com Dovepress Dovepress 2 Saini et al stem cell (hESC) and human induced pluripotent stem cell (hiPSC)-derived cells, and cross-species systems. [5] [6] [7] [8] [9] However, some previously established coculture systems suffer from poor experimental reproducibility due to the complexity of the culture system. For example, the use of serum in nervemuscle coculture systems introduces unspecified variables that can distort the effects of experimental treatments on the system. Further research demonstrates diminished motoneuron myelination in vitro that can be attributed to the use of serum within the culture system. 10 Coculture systems utilizing primary human skeletal muscle stem cells obtained from muscle biopsies present their own distinct complications as they have limited proliferative capacity and varied cell purity, and experience phenotypic changes when expanded. The phenotypic change is further compounded by progressive cellular senescence during primary cell expansion, 11, 12 rendering primary myoblasts a problematic choice for a consistently reproducible coculture system. The use of hESC/hiPSC-derived cells to generate myoblasts 13 and motoneurons 14 may allow for the development of novel coculture systems. However, neuronal cells derived from stem cells are particularly challenging to culture, involving complex media with numerous neurotrophic factors that can have detrimental effects on SkMCs. In addition, cocultures of stem-cell-derived motoneurons and myoblasts result in poorly developed NMJs and have not been maintained for longer than 21 days, 15 which is inadequate for long-duration studies.
This work set out to establish a simplified and easily reproducible nerve-muscle coculture system generating the formation of NMJs. Thus, we developed a novel coculture model devoid of serum and growth/neurotrophic factors. Immortalized human myoblasts were differentiated to mature myotubes while simultaneously being innervated with motoneurons, emanating from neonatal rat spinal cord explants. We observed that this system resulted in the development of highly contractile myotubes that exhibited acetylcholine receptor (AChR) aggregation in the typical twisting knotted structure of mature NMJs that co-localized with motoneuron axon terminals. The success of this system thus offers an easy and reproducible bridge between animal and clinical studies of NM disease and may well serve as a platform to screen the efficacy of novel therapeutic agents.
Experimental procedures Immortalized human SkMC culture
A non-commercial immortalized human skeletal muscle cell (SkMC) line was generated at the Institute of Myology (Paris, France). The cell line was established using primary human myoblasts obtained anonymously from Myobank, a tissue bank affiliated to Eurobiobank, which has an agreement from the French Ministry of Research (authorization number AC-2013-1868). The primary myoblasts originated from biopsies of the semitendinosus muscle of a 25-year-old man, free of genetic defects and disease. Myoblast immortalization was achieved using transduction with both telomerase-expressing and cyclin-dependent kinase 4-expressing vectors. 37 A 1-mL frozen vial containing a suspension of 1×10 6 SkMCs in 90% FBS and 10% dimethyl sulfoxide (DMSO) was thawed and resuspended in 10 mL of complete growth media (GM) 37 to induce SkMC proliferation.
Cells were incubated at 37°C with a 5% CO 2 atmosphere until 80% confluent. Subsequently, cells were washed twice with Dulbecco's phosphate-buffered saline (DPBS) (Lonza, Basel, Switzerland). Cells were disassociated using 2 mL of TrypLE ™ Express Enzyme (Thermo Fisher Scientific, Waltham, MA, USA) and incubated at 37°C in 5% CO 2 for 5 minutes. The cells were counted and then seeded on a 35-mm glass-bottom µ-Dish (ibidi ® , Martinsried, Germany) at a density of 350 cells/mm 2 , and incubated at 37°C with a 5% CO 2 atmosphere for 24 hours.
Following incubation in GM, cells were washed twice with DPBS and switched to a simplified differentiation medium (DM) consisting of 99% (v/v) DMEM, 1% (v/v) L-glutamine, 10 µg/mL recombinant human insulin, and 10 µg/mL gentamicin. The cells were incubated for 24 hours in DM at 37°C with a 5% CO 2 atmosphere before plating the rat embryo spinal cord explants.
Isolation of rat embryonic spinal cord explants
Ethical approval for the animal work was obtained from the animal facility under a general S1 Home Office license at the University of Manchester. Animal welfare was in accordance with the guidelines detailed in the Animals Scientific Procedures Act 1986, which regulates the use of living vertebrates and cephalopods in scientific procedures within the UK. Time-mated Sprague-Dawley rats from Charles River (Oxford, UK) were killed with CO 2 when embryos were between embryonic development day 13 and 14. Embryo dissection was performed in a 100-mm dish under a binocular microscope using 21-gage needles. The spinal cord was dissected in one piece from the embryo and surrounding connective tissue removed, ensuring that the dorsal root ganglia (DRGs) remained attached to the spinal cord. The spinal cord was sliced transversally into ~1-2 mm 3 explants. Coculture DM was removed from the dishes and the cells were washed twice with DPBS; 500 µL DM was added to each dish. Five evenly spaced explants were placed in each dish and incubated for 3 hours at 37°C with a 5% CO 2 atmosphere. Once explants were slightly attached to the SkMCs, an additional 500 µL DM was added to each dish and then incubated for 24 hours. After 24 hours of incubation, a further 1 mL of DM was added to each dish. As the myocytes fuse into immature myotube between 24 and 48 hours, sprouting neurites from the explants innervate the cells at this stage of development. Cocultures were maintained by changing half the DM every 48 hours. Live cells were visualized using a Leica DMI6000 B inverted microscope (Leica Microsystems, Milton Keynes, UK). In addition, real-time myotube contractions were video-captured with phase-contrast microscopy on day 7 at 24 frames per second. Cell fixation for immunocytochemistry was performed on day 14.
Immunocytochemistry
Cells were washed twice with DPBS and fixed in 4% paraformaldehyde for 10 minutes at 21°C. Fixed cells were washed thrice with DPBS and permeabilized with 1× perm/ wash buffer (BD Biosciences, Franklin Lakes, NJ, USA), and incubated for 30 minutes at 21°C, followed by a final wash with DPBS. Cells were then incubated for 1 hour in a blocking solution of 0.2% Triton X-100 with 10% normal goat serum (GS) or 10% normal donkey serum (DS) (all from Sigma-Aldrich, St Louis, MO, USA). Blocking solution was removed and cells were washed once with DPBS. The primary antibody in a diluent consisting of 3% GS or DS with 0.05% Tween-20 (Sigma-Aldrich, St Louis, MO, USA) was added to the cells and incubated for 18-24 hours at 4°C. Following primary antibody incubation, the cells were washed thrice with DPBS before incubation with the corresponding secondary antibodies for 1 hour at 21°C. Confirmation of myotube innervation and NMJ formation was assessed via confocal microscopy using the Leica TCS SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany).
Quantification of NMJ morphologies
Innervated and aneural cultures were fixed and stained as described above. Various NMJ morphologies were quantified using previously established NMJ morphology development classifications (ie, mature, fragmented, faint, premature, denervated). [38] [39] [40] [41] Twenty random fields of view were assessed at 20× magnification using the Leica TCS SP5 confocal microscope for each data set.
Triad quantification
Innervated and aneural cultures were fixed and stained as described above. Verification of triad formation was assessed using the Leica TCS SP5 confocal microscope. Thirty random fields of view were assessed at 40× magnification.
Results

Characterization of cholinergic motoneurons
An appropriate NMJ is characterized by the connection of cholinergic motoneurons via endplates with SkMCs. 16 In our coculture, motoneurons and myotubes were identified by their staining for choline acetyltransferase (ChAT) and myosin heavy chain (MHC), respectively. Indeed, they were often co-localized ( Figure 1 ) and, together with the numerous motoneuron axon terminals in contact with differentiated myotubes, suggest innervation of the SkMCs. There were also some myotubes with multiple points of contact with 
NMJ formation
Having confirmed the co-localization of cholinergic motoneurons with differentiated myotubes, subsequent experiments were performed to verify that synaptic connections were indeed formed between the motoneurons and myotubes. NMJs are distinguishable by highly clustered AChRs on the myotube membrane in close proximity of motoneuron axons. Motoneurons were identified by staining for β-III-tubulin and AChR clusters were identified with fluorescently labeled α-bungarotoxin (α-BTX) ( Figure 2 ). In the cocultures, numerous axon terminals co-localized with AChR aggregations on the myotube membrane. These clusters of AChRs had the typical twisting-knotted configuration, as seen in vivo, while sparse, unstructured and disjointed AChRs were observed on the membranes of myotubes that were aneurally cultured.
The efficacy of NMJ formation in the coculture system was much better than that in aneurally cultured myotubes, as reflected by a larger proportion of mature NMJs (Figure 3 ).
Spontaneous myotube contractions
The first spontaneous muscle contractions were detected in the myotubes ~3 days after co-culturing the SkMCs with rat embryo spinal cord explants. We believe this is the first time spontaneous contractions have been observed at this early stage of development in a nerve-muscle coculture system.
Despite the fact that myotube contractions were observed as early as 72 hours, only individual arrhythmically contracting myotubes were observed at this time point, with the most vigorously contracting myotubes closest to the explant. The cocultures progressively displayed an increase in both the number of contracting myotubes and the frequency of contractions. By day 7 post coculture, networks of myotubes were contracting simultaneously in a rhythmic manner (Video S1), suggesting that the myotube network functioned as a single motor unit, receiving bursts of stimulation from the motoneurons. Contracting myotubes separated from the culture plate adopted the morphological characteristics of three-dimensional tubes. Conversely, aneurally cultured myotubes did not contract and maintained a flat two-dimensional morphology, firmly fixed to the culture plate surface. These observations indicate that the observed NMJs are in fact functional. However, even at this time point, multiple innervations were still visible on a large proportion (83.4±12.6%, n=20) of the innervated myotubes.
Characterization of innervated myotubes
Mature myotubes in vivo display triads that are arranged in a repetitive transversal manner. Triads consist of a T-tubule with terminal cisternae on each side. 18 T-tubules were identified by staining for the dihydropyridine receptor (DHPR), a voltage-dependent calcium channel located in the T-tubule membrane, 19 and the terminal cisternae were identified by staining for the ryanodine receptor (RyR), which is located on the membrane of the sarcoplasmic reticulum. 20 By day 14, about 32% of the cocultured myotubes had well-developed triads ( Figure 4A ), whereas none of the aneurally cultured SkMCs exhibited the triad structure ( Figure 4B , C).
Discussion
We developed a serum-free coculture of immortalized human myoblasts and embryonic rat spinal cord explants Neurons generated in this coculture model were derived from ~1-2 mm transversally sliced spinal cord explants with intact DRGs. 9, 21 Preliminary experiments with mechanically disassociated embryo spinal cords to create a neuronal cell suspension, or coculture of myoblasts with the ventral horn only without the DRGs, showed poorer results than the coculture with entire rat embryonic spinal cord explants. The poorer result was reflected by a delayed initiation of spontaneous myotube contractions, higher incidence of arrhythmic contractions, lower contraction frequency, and lower abundance of NMJs that were poorly developed or had a failed junction assembly in comparison to the myoblast plus complete embryonic spinal cord segment coculture (data not shown). While this suggests that both motor and sensory neurons 22 are required for correct innervation of myotubes and NMJ formation, it is more likely that the Saini et al progenitor and supporting cell types, such as glial cells, in the DRGs are crucial for correct innervation. Indeed, Schwann cells perform vital functions in motoneuron development, differentiation, and maintaining NMJ integrity. 23 Subsequently, we cocultured myoblasts with rat embryonic spinal cord explants.
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In line with previous observations, 24 we found that innervated myotubes in our coculture system were in an advanced state of differentiation and exhibited endogenously stimulated contractility, something not seen in the aneurally cultured SkMCs. The innervation appears to be important, as while treatment of aneurally cultured human myotubes with the secretome of a rat-nerve/human-muscle coculture secretome did increase AChR clustering, it failed to induce advanced myotube differentiation and contractile activity. 25, 26 In fact, early research found that myotubes that failed to become innervated within a nerve-muscle coculture system not only failed to differentiate, but eventually even deteriorated, despite nerve-derived secretions in the culture environment. 27 In our coculture model, myotube contractions were observed as early as 72 hours post coculture, which we believe is the first time contractile functionality has been observed in any nerve-muscle coculture system. This indicates that functional NMJs were already present at this time point, as myotubes require nervous input to induce contraction. 28 Over time, the contraction frequency increased and the contractions occurred synchronously by day 7 (Video S1). At day 14, the cocultured innervated myotubes also displayed the regular appearance, every 2.4 µm, of transversal triads, peripherally located nuclei and actin-myosin striations, all morphological characteristics of advanced differentiation seen in vivo. 29, 30 The advanced differentiation of innervated myotubes illustrates the strength of this coculture system over typical aneural in vitro SkMC cultures, which fail to achieve advanced stages of development. Our coculture model thus provides a promising tool to elucidate the significance of the integrity of the NMJ in conditions such as NM disorders.
Our coculture model not only resembled the in vivo skeletal muscle more than aneurally cultured SkMC, but was also simple and reproducibly generated large quantities of functional NMJs. In contrast to our simple model, which already has functional NMJs after 3 days of coculture, other nerve-muscle coculture models require various culture media formulations to separately differentiate myotubes and motoneurons for at least 10 days before co-culturing can even start, 31 and need another 21 days of co-culturing before NMJs form. 5 These lengthy protocols lead to avoidable postponements, possible unintended variation to experimental procedures, and a larger risk of contamination. In our model, however, coculture can start immediately, and after only 3 days, viable NMJs are already detectable.
In addition, other nerve-muscle coculture systems require serum or trophic factors, such as brain-derived neurotrophic factor or insulin-like growth factor-1, to induce spontaneous myotube contractions, myotube innervation, and functional NMJ formation. 5, [31] [32] [33] Our coculture media were devoid of serum, neurotrophic factors, and growth factors, which will drastically reduce experimental variability. The simplicity of our system makes it ideal for high-throughput research of agents that may affect NMJ formation and myotube differentiation.
High throughput is also facilitated by the fact that a single pregnant rat can yield up to 100 embryo spinal cord explants. This also reduces between-experiment variation as the same spinal cord can be used for different experimental conditions and time points. Although our cocultures were characterized on day 14, preliminary viability experiments revealed that persistent myotube contractions continued to occur as late as day 30, with the potential for further extended viability. Even though the lack of extended viability of other nerve-muscle models 34 has been improved, 32 they still only generated immature NMJs with a speckled AChR morphology and myotubes without advanced differentiation. Clearly, our system is an improvement on these coculture systems as we did see advanced myotube differentiation and a large number of functional NMJs.
Another advantage of our heterologous coculture model is that antibodies specific for rat or human can be used to study both presynaptic and postsynaptic regions of the NMJ. One such application is illustrated by the exploitation of speciesspecific immunocytochemical staining against acetylcholinesterase (AChE) to differentiate between AChE originating from the human SkMCs and rat neuronal cells at the NMJ. 35 Alternative chimeric cocultures have demonstrated similar advantages. For instance, a coculture model consisting of chick SkMCs innervated by rat neurons was stained using species-specific antibodies to determine that agrin, which is a vital element in the development of the NMJ, is secreted from both SkMCs and motoneurons into the synaptic cleft of NMJs. 36 Fully human homologous hESC/hiPSC-derived SkMC and motoneuron coculture models would be of great interest. However, these systems are still in their infancy and require significant optimization before they parallel the formation of functional NMJs and express the level of differentiation demonstrated in our coculture model. 
Conclusion
We have developed an easy and reproducible serum-free coculture of immortalized human myoblasts and embryonic rat spinal cord explants that induces a rapid formation of functional NMJs. The model can be a used as a high-throughput platform to assess the impact of interventions on NM integrity and drug testing.
